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Clinical PerspectiveWhat Is New?Our data indicate that inhibition of vascular endothelial growth factor signaling by sFLT‐1 (soluble fms‐like tyrosine kinase 1) plays a role in the development of lung edema in pregnant mice exposed to Br~2~ and that treatment with vascular endothelial growth factor‐121 reverses lung injury.What Are the Clinical Implications?Although inhibition of vascular endothelial growth factor signaling by sFLT‐1 has been well‐established as a mechanism resulting in elevated blood pressure in animal models of preeclampsia, our results indicate that it plays a role in 'the development of' lung injury as well.

Introduction {#jah34821-sec-0008}
============

Preeclampsia is a leading cause of maternal and perinatal morbidity and mortality, affecting up to 10% of pregnancies. In addition to the estimated 60,000 worldwide preeclampsia‐related deaths and the additional burden related to acute peripartum morbidity, survivors of preeclampsia suffer from an increased rate of previously underappreciated long‐term cardiovascular health risks.[1](#jah34821-bib-0001){ref-type="ref"} Increasing evidence implicates placenta‐derived sFLT‐1 (soluble fms‐like tyrosine kinase 1) in the maternal circulation as a critical mechanistic driver of the disease.[2](#jah34821-bib-0002){ref-type="ref"}, [3](#jah34821-bib-0003){ref-type="ref"} sFLT‐1, the soluble extracellular domain of FLT‐1 (Vascular Endothelial Growth Factor Receptor 1) is known to act as a decoy receptor capable of binding circulating vascular endothelial growth factor and placental growth factor (VEGF and PlGF, respectively). However, since sFLT‐1 lacks transmembrane and cytoplasmic components, binding of ligand fails to transduce a signal inside the cell. Subsequent diminished VEGF signaling results in endothelial dysfunction and hypertension.[4](#jah34821-bib-0004){ref-type="ref"}, [5](#jah34821-bib-0005){ref-type="ref"} Circulating sFLT‐1 and ratios of sFLT‐1/PlGF have been shown to be predictive markers for the occurrence and severity of preeclampsia in clinical studies.[6](#jah34821-bib-0006){ref-type="ref"}

With over 56 million tons of halogens (e.g. chlorine (Cl~2~) or bromine (Br~2~)) produced and transported through populated areas worldwide every year, accidental or malicious exposure to these gases poses a significant threat to public health. For example, unintentional releases of transported halogens have occurred in Geneva Switzerland (1984, Br~2~), Graniteville, SC (2005, Cl~2~), Chelyabinsk Russia (2011, Br~2~), and Dimona Israel (2016, Br~2~) and resulted in significant short‐ and long‐term morbidity and mortality.[7](#jah34821-bib-0007){ref-type="ref"}, [8](#jah34821-bib-0008){ref-type="ref"}, [9](#jah34821-bib-0009){ref-type="ref"} In addition to these major industrial/transportation accidents, halogen inhalation injuries often occur in residential areas because of swimming pool sanitation accidents.[10](#jah34821-bib-0010){ref-type="ref"}

We have shown that exposure of pregnant mice to the toxic gas bromine (Br~2~) induces a pregnancy‐specific pathology that is distinct from the course of injury in non‐pregnant mice.[11](#jah34821-bib-0011){ref-type="ref"} More precisely, pregnant mice, exposed to Br~2~ at E14.5 develop systemic and pulmonary hypertension, fetal growth restriction and a lung injury that is characterized by increased wet/dry weight ratios and elevated bronchoalveolar lavage fluid (BALF) protein levels. Accompanying these symptoms, we detected elevated circulating levels of tumor necrosis factor‐a, interleukin‐6, C‐X‐C Motif Chemokine Ligand 1 (CXCL 1), and sFLT‐1 in the systemic circulation and elevated levels of sFLT‐1 and tumor necrosis factor‐a mRNA in the placentas of Br~2~ exposed pregnant mice. None of these symptoms or mediators were present in non‐pregnant mice exposed to the same level of Br~2~. The majority of pregnancy‐specific symptoms and mediators that we detected in Br~2~ exposed pregnant mice correspond to symptoms and mediators observed in human preeclampsia. We hypothesized that the mechanism by which Br~2~ induces a preeclampsia‐like phenotype in pregnant mice is via reduced functional VEGF attributable to increased circulating levels of placental‐derived sFLT‐1 in maternal plasma acting as a competitive inhibitor for the Vascular Endothelial Growth Factor Receptor 1 and 2. We further hypothesized that treatment with exogenous VEGF‐121, a non‐heparin spliced variant of VEGF, can overcome the increase in sFLT‐1 by out‐competing sFLT‐1 binding to VEGF receptors and restoring VEGF signaling. In a series of experiments we found that exposure of pregnant mice at gestational day 14.5 (E14.5) to Br~2~ in concentrations likely to be encountered in industrial accidents (600 parts per million (ppm) for 30 minutes) caused significant and steady increases in circulating sFLT‐1 not seen in identically exposed non‐pregnant mice.[12](#jah34821-bib-0012){ref-type="ref"} These increases were accompanied by similar increases in markers of lung injury, blood pressure, and fetal growth restriction. Furthermore, maternal mortality and morbidity, in addition to fetal growth restriction, were improved by maternal administration of VEGF‐121 post Br~2~ exposure. We chose to administer the VEGF variant VEGF‐121 because it is the most abundant VEGF isoform and has been found to lower blood pressure in animal models of placental ischemia‐induced hypertension.[13](#jah34821-bib-0013){ref-type="ref"}, [14](#jah34821-bib-0014){ref-type="ref"}

Methods {#jah34821-sec-0009}
=======

Animals {#jah34821-sec-0010}
-------

Specific pathogen‐free and sexually mature, male (20--25 g) and non‐pregnant female (20--25 g) C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA) and housed in the University of Alabama at Birmingham Animal Facility under standard conditions with food and water access ad libitum. Timed pregnant females were either ordered from Charles River Laboratories or were generated in house by mating mature males and females in estrus overnight.

Study Approval {#jah34821-sec-0011}
--------------

All studies involving mice were pre‐approved by the University of Alabama at Birmingham Institutional Animal Care and Use Committee (\#20 343). Procedures followed were in accordance with institutional guidelines.

Exposure of Mice to Br~2~ {#jah34821-sec-0012}
-------------------------

Mice were exposed 2 at a time in a cylindrical glass container to Br~2~ (Airgas, Birmingham, AL) for 30 minutes at 600 ppm Br~2~ (balance air) with a flow rate of 5 L/min. All exposures were performed between 6:00 AM and 12:00 PM. Cylinder concentrations were certified to within 2% by both chemical analysis and periodic Br~2~ detection (Interscan Corporation, Sima Valley, CA). Br~2~ tanks were replaced after pressures decreased \<500 psi. After exposure, the mice were returned to room air with ad libitum access to both food and water. Control mice were exposed to air for 30 minutes. Mice were monitored hourly for the first 12 hours following exposure and every 24 hours thereafter. Body weight was measured pre‐exposure and every 24 hours thereafter. Weights are reported as percent of baseline pre‐exposure body weight.

Measurement of sFLT‐1 {#jah34821-sec-0013}
---------------------

Circulating sFLT‐1 in murine plasma was measured by ELISA (R&D Systems \#DY471, Minneapolis, MN).

VEGF‐121 Administration {#jah34821-sec-0014}
-----------------------

The mouse VEGF splice variant VEGF‐121 (ProSpec, East Brunswick, NJ, CYT‐574), was reconstituted with sterile saline to achieve dosage of 100 μg/kg body weight and volume of 50 μL. For administration, mice were anesthetized with 2% isoflurane mixed with compressed air. VEGF‐121 or saline vehicle was administered via subcutaneous injection at the site of loose skin over the shoulders 48 hours‐post‐exposure and every 24 hours thereafter.

Controls {#jah34821-sec-0015}
--------

For survival studies, all mice were injected with vehicle or VEGF‐121. Age‐matched non‐pregnant male and female mice were used in all studies. Separate groups of mice were used for BAL studies and measurements of lung weights. Otherwise, multiple measurements were performed in the same mice.

Blood Collection {#jah34821-sec-0016}
----------------

General anesthesia was induced with 5% isoflurane and maintained with 2% isoflurane. After appropriate depth of anesthesia was ensured a midline incision was made through the skin, subcutaneous tissue, and peritoneum. Two incisions were made laterally perpendicular to the primary midline incision to allow exposure of all abdominal organs. Bowels were then gently displaced laterally to allow visualization of the inferior vena cava and abdominal aorta. A 25 G needle attached to a 1 mL syringe loaded with 25 μL of heparin was inserted into the abdominal aorta. After insertion, blood was slowly drawn into the syringe until a volume of \>500 μL was retrieved.

Bronchoalveolar Lavage {#jah34821-sec-0017}
----------------------

For bronchoalveolar lavage (BAL) fluid collection, a 5 mm incision was made on the anatomical right at the mid‐clavicular line where the diaphragm attaches to the thoracic cavity, as described previously.[15](#jah34821-bib-0015){ref-type="ref"}, [16](#jah34821-bib-0016){ref-type="ref"}, [17](#jah34821-bib-0017){ref-type="ref"} After the initial incision, the diaphragm was cut away from the thoracic cavity and 2 incisions were made on either side of the thorax lateral to each internal thoracic artery. The ventral thoracic cavity was removed with a perpendicular incision across the chest wall exposing the heart and lungs. The skin and subcutaneous tissue of the neck were removed along with the thyroid gland. The trachea was isolated via dissection and visualized from the cricoid cartilage to the tracheal bifurcation as it entered the thoracic cavity. Using spring scissors, a 3 mm perpendicular incision was made in between the cartilaginous rings of the most superior portion of the trachea. A 1 mL syringe filled with 1 mL of chilled 1x PBS was attached to a 3 mm endotracheal cannula (Exel 18G x 1" catheter cut at a 45° angle). The catheter was inserted into the opening in between the tracheal rings and a suture was tightened around the trachea and endotracheal catheter to maintain an adequate seal. Then 1 mL of cold PBS was slowly injected which expanded the lungs. The fluid was pulled back fully and pushed back into the lungs again 2 times. On the final retrieval there was 0.70 to 0.90 mL of bronchoalveolar lavage (BAL) fluid recovered in all groups. Recovered lavage fluid was kept on ice and centrifuged (4000 rpm, 5 minutes, 4°C) to separate the cell pellet from the supernatant cells. Supernatant was isolated and stored for further analysis at −80°C. BAL fluid protein concentration was determined via BCA Protein Assay Kit (Fisher Scientific, Waltham, MA, 23 225) as described previously.[17](#jah34821-bib-0017){ref-type="ref"}

Fetal and Placental Collection {#jah34821-sec-0018}
------------------------------

The fetuses and placentas in the adult pregnant females were excised following maternal abdominal incision and weighed. Placentas were divided, flash frozen in liquid nitrogen, and stored at −80°C or placed in 70% ethanolic formalin for histology (Fisher Scientific, Waltham, MA, 89 900). Paraffin‐embedded tissues were cut into 4‐μm sections, deparaffinized, and rehydrated using CitriSolv (d‐limonene‐based solvent, Fisher Scientific, Waltham, MA, 04‐355‐12.) and isopropanol, respectively. The histological sections were stained with hematoxylin and eosin.

Lung Collection {#jah34821-sec-0019}
---------------

Lungs collected for analysis (except wet:dry weight ratio analysis) were flushed with 10 mL of 0.9% saline through the left and right ventricles of the heart to ensure that there was no contamination from the procedure.

Lung Wet/Dry Weight Ratio {#jah34821-sec-0020}
-------------------------

Whole lungs were removed, isolated, blotted, weighed (for determination of wet weight), placed in an oven at 70°C for 7 days, and then weighed again for determination of the dry weight.

Placental Injury {#jah34821-sec-0021}
----------------

Placental injury was evaluated based on hematoxylin and eosin staining of placental sections and scored by quantification of the junctional zone size. For the assessment of junctional zone area we used the following criteria: on the decidual side we considered the area of the giant cells to be the boundary and traced along them. On the labyrinth side we defined the boundary based on the clear morphological difference between trophoblasts and cells in the labyrinth.

Statistical Analysis {#jah34821-sec-0022}
--------------------

Survival between treatment groups under different experimental conditions and at different time points was evaluated using the Pearson Chi‐squared test, and Fisher exact test. The overall survival rates were estimated according to the Kaplan‐Meier method and compared using the log‐rank test. No outliers were identified via the ROUT method (robust regression followed by outlier identification).[18](#jah34821-bib-0018){ref-type="ref"} Unpaired Student *t* test was used to compare 2 groups of continuous variables. One‐way ANOVA was used to compare \>2 groups of continuous variables with Tukey post hoc analysis to determine statistical significance. A *P*\<0.05 was considered statistically significant in the 2‐tailed statistical tests that were used. Tests of normality were performed in GraphPad Prism and if normal distribution could not be established non‐parametric tests were used. To analyze body weight percentage over time a multiple unpaired t test adjusted for the number of time points was used correcting for multiple comparisons using the Holm‐Sidak method to test for statistical significance (*P*\<0.05). Each row was analyzed individually without assuming a consistent standard deviation. All data are represented as mean±SEM. Analysis was conducted using GraphPad Prism ver. 7 software (La Jolla, CA). The data that support the findings of this study are available from the corresponding author upon reasonable request.

Results {#jah34821-sec-0023}
=======

Br2. Exposure Causes Time Dependent Increases in sFLT‐1 in Pregnant Mice {#jah34821-sec-0024}
------------------------------------------------------------------------

We exposed non‐pregnant and pregnant mice to Br~2~ (600 ppm for 30 minutes) and returned them to room air as described previously.[11](#jah34821-bib-0011){ref-type="ref"} Pregnant Br~2~‐exposed mice demonstrated a linear increase in plasma sFLT‐1 over time (*R* ^2^=0.8151, *P*\<0.0001) not observed in Br~2~‐exposed non‐pregnant animals (*R* ^2^=0.0323, *P*=0.4010). The pregnant Br~2~‐exposed mice had increased levels of circulating sFLT‐1 in the plasma (2060.0±281.1 pg/mL; mean±1 SEM) at E16.5 (48 hours post‐exposure), 5993.0±1107.0) at E17.5 and (8445.0±635.4 pg/mL) at E18.5; the corresponding levels in pregnant air‐exposed mice at the same time points were 329.4±84.8, 87.7±51.2, and 608.3±394.8 pg/mL (Figure [1](#jah34821-fig-0001){ref-type="fig"}A). Notably, male and non‐pregnant female mice exposed to Br~2~ at the same level showed no changes in circulating sFLT‐1 at any of the time points post‐exposure (Figure [1](#jah34821-fig-0001){ref-type="fig"}B).

![Br~2~‐exposed pregnant mice exhibit progressively increased circulating sFLT‐1 (soluble fms‐like tyrosine kinase 1) with a concomitant increase of lung wet/dry weight. Non‐pregnant and pregnant (E14.5) mice were exposed to air or to Br~2~ at 600 ppm for 30 minutes and returned to room air. sFLT‐1 levels in the plasma of (**A**) pregnant Br~2~‐exposed mice increased 48‐hour post‐exposure vs air controls and continued to increase until euthanasia at 96 hours. This increase was linear (*R* ^2^=0.8151, *P*\<0.0001). Similarly exposed (**B**) non‐pregnant mice exhibited no increase at any time point; n=6 to 8; ANOVA. Lung wet:dry weight ratios of (**C**) pregnant Br~2~‐exposed mice increased 72‐hour post‐exposure compared with air controls and continued to increase until euthanasia at 96 hours. Similarly exposed (**D**) non‐pregnant mice exhibited no increase at any time point; n=6 to 8; ANOVA. All data are individual values and means±SEM. sFLT‐1 indicates soluble fms‐like tyrosine kinase 1.](JAH3-9-e013238-g001){#jah34821-fig-0001}

Male and non‐pregnant female mice exposed to Br~2~ at 600 ppm for 30 minutes had no significant increase of the lung wet:dry weight as compared with their air control counterparts within 4 days post‐exposure (Figure [1](#jah34821-fig-0001){ref-type="fig"}D). However, pregnant females exposed to a similar Br~2~ regimen at E14.5 had significantly increased lung wet:dry weights at 48, 72 and 96 hours (4.68±0.09 and 4.965±0.18) vs air‐exposed pregnant mice at similar time points (4.04±0.09 and 4.15±0.03) (Figure [1](#jah34821-fig-0001){ref-type="fig"}C) indicating the presence of pulmonary edema.

Administration of VEGF‐121 Decreases Post‐Br~2~ Exposure‐Induced Mortality and Lung Injury in Pregnant Mice {#jah34821-sec-0025}
-----------------------------------------------------------------------------------------------------------

Pregnant mice were exposed to 600 ppm Br~2~ for 30 minutes at E14.5. Survivors at 48 hours were administered 100 μg/kg VEGF‐121 or vehicle subcutaneously each day until 120 hours post‐exposure. At 120 hours post‐exposure, pregnant mice in the VEGF‐121 group exhibited significantly increased survival (76%) (Figure [2](#jah34821-fig-0002){ref-type="fig"}A) as compared with the vehicle control group (48% survival). Non‐pregnant mice exhibited no difference in survival between the groups treated with VEGF‐121 or vehicle (Figure [2](#jah34821-fig-0002){ref-type="fig"}B). Additionally, pregnant mice receiving VEGF‐121 gained weight at 96 hours (91.4%±3.3%) (*P*=0.050) and 120 hours (93.2%±3.9%) (*P*=0.046) post‐exposure as opposed to the vehicle control group that showed no improvement in weight gain (79.3%±2.8% and 78.2%±3.8%) (Figure [2](#jah34821-fig-0002){ref-type="fig"}C), although their body weights lagged behind of those non‐exposed to Br~2~. Non‐pregnant mouse body weight was unaffected by administration of VEGF‐121 (Figure [2](#jah34821-fig-0002){ref-type="fig"}D).

![Treatment of pregnant mice exposed to Br~2~ with vascular endothelial growth factor (VEGF)‐121 decreases mortality, weight loss, and lung wet/dry weights. Non‐pregnant and pregnant (E14.5) mice were exposed to air or to Br~2~ at 600 ppm for 30 minutes and returned to room air. At 48‐hour post‐exposure and every 24 hours thereafter, survivors were administered VEGF‐121 (100 μg/kg subcutaneously) or vehicle. **A**, Pregnant Br~2~‐exposed mice treated with VEGF‐121 demonstrated significantly improved survival at E19.5 compared with vehicle controls; n=21 to 23; Log Rank Mantel‐Cox. **B**, Survival curves of non‐pregnant mice exposed to Br~2~ and receiving VEGF‐121 at 48 hours post‐exposure were not significantly different than similarly Br~2~ exposed non‐pregnant mice receiving vehicle only; n=15 to 16; Log Rank Mantel‐Cox. **C**, The same mice were monitored for body weight loss with pregnant Br~2~‐exposed mice treated with VEGF‐121 at 48 hours post Br~2~ exposure demonstrating significantly reduced percent body weight loss compared with similarly exposed vehicle controls at E18.5 and E19.5; n=21 to 23; multiple unpaired t test with Holm‐Sidak method. **D**, Body weight loss following exposure of non‐pregnant mice to Br~2~ is not affected by VEGF‐121 therapy at any measured time point in non‐pregnant mice; n=9 to 11; Student *t* test. **E**, Lung wet:dry weight ratios at 120‐hour post‐exposure indicate that exposure of pregnant mice to Br~2~ results in increased lung wet/dry weights at 120 hours post‐exposure and that lung wet/dry weights of Br~2~ exposed pregnant mice treated with VEGF‐121 were not different from air‐exposed control mice at the same time point. **F**, Lung wet/dry weights were unaltered in Br~2~‐exposed non‐pregnant mice with or without VEGF‐121 treatment as compared with air‐exposed non‐pregnant mice. ANOVA. VEGF indicates vascular endothelial growth factor. All data are means±SEM.](JAH3-9-e013238-g002){#jah34821-fig-0002}

At 120 hours post‐Br~2~--exposure, pregnant mice with vehicle treatment had lung wet:dry weight ratios with a mean of 4.65±0.13 (Figure [2](#jah34821-fig-0002){ref-type="fig"}E), significantly higher than lung wet:dry weights of air‐exposed mice (4.15±0.03). Br~2‐~exposed pregnant mice treated with VEGF‐121, however, showed a reduction in lung wet:dry weight ratio (4.35±0.07) not significantly different from lung wet:dry ratios of air‐exposed mice. Non‐pregnant mice subjected to the same regimen of Br~2~ exposure followed by treatment with VEGF‐121 or vehicle control demonstrated no significant differences between treatment groups (4.36±0.06 vs 4.23±0.03, respectively) and were not different from lung wet:dry ratios observed in air‐exposed non‐pregnant mice (4.22±0.07) (Figure [2](#jah34821-fig-0002){ref-type="fig"}F). BALF was collected at 120 hours post‐exposure in surviving animals. Pregnant females exposed to Br~2~ and treated at 48 hours with either vehicle or VEGF‐121 had higher levels of BALF protein than air‐exposed pregnant mice (Figure [3](#jah34821-fig-0003){ref-type="fig"}A) (mean difference 896 μg/mL, 95% CI 562--1230 μg/mL, *P*\<0.0001 and mean difference 377 μg/mL, 95% CI 43--710 μg/mL, *P*\<0.0252, respectively) Following VEGF‐121 treatment we observed a significant decrease in BALF protein level compared with vehicle‐treated control mice (Figure [3](#jah34821-fig-0003){ref-type="fig"}A) (mean difference 520 μg/mL, 95% CI 186--854 μg/mL, *P*=0.0024). Total BALF cell count differed between air‐exposed pregnant mice and Br~2~‐exposed pregnant mice treated with vehicle (*P*\<0.0001) and VEGF‐121 animals (*P*=0.0072) (Figure [3](#jah34821-fig-0003){ref-type="fig"}B). VEGF‐121 treated pregnant mice demonstrated a lower total cell count than vehicle treated controls (*P*=0.0406) (Figure [3](#jah34821-fig-0003){ref-type="fig"}B). BALF neutrophil count was elevated in Br~2~ exposed pregnant mice compared with air‐exposed controls in both vehicles treated (*P*=\<0.0001) and VEGF‐121 treated cohorts (*P*\<0.0001) (Figure [3](#jah34821-fig-0003){ref-type="fig"}C). Pregnant mice exposed to Br~2~ and treated with VEGF‐121 demonstrated a significantly lower BALF neutrophil count compared with vehicle‐treated control mice (*P*=0.0274) (Figure [3](#jah34821-fig-0003){ref-type="fig"}C). Macrophage cell count within the BALF was increased in vehicle treated Br~2~‐exposed pregnant mice compared with air‐exposed controls (*P*=0.0031) (Figure [3](#jah34821-fig-0003){ref-type="fig"}D). In pregnant mice exposed to Br~2~ and treated with VEGF‐121 there was no significant difference in macrophage cell count compared with air‐exposed controls or when compared with vehicle treated Br~2~‐exposed mice (Figure [3](#jah34821-fig-0003){ref-type="fig"}D).

![Br~2~‐exposed pregnant mice have higher protein content and total cell counts in bronchoalveolar lavage fluid. Non‐pregnant and pregnant (E14.5) mice were exposed to air or to Br~2~ at 600 ppm for 30 minutes and returned to room air. Survivors at 48 hours were administered vascular endothelial growth factor (VEGF)‐121 or vehicle subcutaneously with subsequent doses every 24 hours thereafter until 120 hours. Bronchoalveolar lavage fluid was collected at 120‐hours post‐Br~2~ exposure. **A**, Br~2~‐exposed pregnant mice treated with vehicle and those treated with VEGF‐121 both demonstrated higher levels of bronchoalveolar lavage fluid protein compared with air‐exposed pregnant mice. Br~2~‐exposed mice treated with VEGF‐121 demonstrated a significantly lower bronchoalveolar lavage fluid protein level than those treated with vehicle. **B**, Total cell count was higher in Br~2~‐exposed pregnant mice treated with vehicle and VEGF‐121. The VEGF‐121 treated pregnant mice demonstrated a lower total cell count than vehicle treated controls. **C**, Neutrophil count was elevated in Br~2~‐exposed pregnant mice compared with air‐exposed controls in both vehicle treated and VEGF‐121 treated groups. The group treated with VEGF‐121 had significantly lower neutrophil counts compared with vehicle treated mice. **D**, Macrophage cell count was increased in vehicle treated Br~2~‐exposed pregnant mice compared with air‐exposed controls. Mice treated with VEGF‐121 did not demonstrate a significant difference in macrophage cell count compared with air controls or Br~2~‐exposed vehicle treated mice. n=6; ANOVA. BALF indicates bronchoalveolar lavage fluid; VEGF, vascular endothelial growth factor. ns indicates non‐significant. All data are individual values and means±SEM.](JAH3-9-e013238-g003){#jah34821-fig-0003}

Treatment With VEGF‐121 Partially Rescues Severe Fetal Growth Restriction Induced by Maternal Br~2~ Exposure {#jah34821-sec-0026}
------------------------------------------------------------------------------------------------------------

Pregnant mice were exposed to Br~2~ at 600 ppm or air for 30 minutes at E14.5 and then returned to room air. Br~2~‐exposed mice surviving at 48 hours post‐exposure were administered 100 μg/kg VEGF‐121 or vehicle subcutaneously each day until 120 hours post‐exposure. Fetal weights of pregnant mice exposed to air with no treatment were 1.38±0.02 g at 120 hours post‐exposure (E 19.5) (Figure [4](#jah34821-fig-0004){ref-type="fig"}B). Fetuses of Br~2~‐exposed, vehicle‐treated mice exhibited severe growth restriction both by visual inspection and by quantitative assessment of body weight (0.58±0.02 g, *P*\<0.001 vs air) at the same time point (Figure [4](#jah34821-fig-0004){ref-type="fig"}A and [4](#jah34821-fig-0004){ref-type="fig"}B). Fetuses of Br~2~‐exposed, VEGF‐121 treated mice were visibly larger (Figure [4](#jah34821-fig-0004){ref-type="fig"}A) and demonstrated significantly increased body weights (0.88±0.03 g) compared with fetal weights of Br~2~‐exposed vehicle treated mice (*P*\<0.001), although still remained significantly smaller than fetuses of air‐exposed mice (*P*\<0.001).

![Fetal growth restriction induced by maternal exposure to Br~2~ is mitigated by vascular endothelial growth factor‐121 treatment. Pregnant (E14.5) mice were exposed to air or to Br~2~ at 600 ppm for 30 minutes and returned to room air. At 48 hours post‐exposure and every 24 hours thereafter, survivors were administered vascular endothelial growth factor‐121 (100 μg/kg subcutaneously) or vehicle. **A**, Representative photograph of paraformaldehyde‐fixed fetuses at E19.5 for the indicated conditions. Fetuses of Br~2~‐exposed pregnant mice exhibit severe fetal growth restriction. Treatment with vascular endothelial growth factor‐121 improves fetal growth. **B**, Fetal weights were recorded after extraction of fetuses at E19.5. Fetuses from Br~2~‐exposed pregnant mice weighed considerably less than air controls. Fetal weight was partially rescued by maternal vascular endothelial growth factor‐121 administration; n=pups (21--33); ANOVA; All data are means±SEM. VEGF indicates vascular endothelial growth factor.](JAH3-9-e013238-g004){#jah34821-fig-0004}

Treatment With VEGF‐121 Alleviates Br~2~ Exposure‐Induced Compromise of Placenta Development {#jah34821-sec-0027}
--------------------------------------------------------------------------------------------

Pregnant mice were exposed to Br~2~ at 600 ppm or air for 30 minutes at E14.5 and then returned to room air. Br~2~‐exposed mice surviving at 48 hours post‐exposure were administered 100 μg/kg VEGF‐121 or vehicle subcutaneously each day until 120 hours post‐exposure. Placenta development was assessed by quantifying the area of junctional zone on hematoxylin and eosin stained histological cross‐sections of the placentas prepared at the centerline of 2 to 3 placentas from each pregnant mouse in each treatment group as described above. Junctional zone boundaries are indicated on Figure [5](#jah34821-fig-0005){ref-type="fig"} where on the high magnification inserts the blue arrows point to the giant cells and yellow arrows point to the boundary between trophoblasts (identifiable by size and stain color) and cells of the labyrinth. The area of junctional zone was visibly decreased in placentas of Br~2~‐exposed vehicle‐treated mice as compared with air‐exposed mice (Figure [5](#jah34821-fig-0005){ref-type="fig"}B vs A and Figure [5](#jah34821-fig-0005){ref-type="fig"}D middle column vs left column). Treatment of Br~2~‐exposed mice with VEGF‐121 resulted in increased area of junctional zone as compared with Br~2~‐exposed vehicle‐treated mice (Figure [5](#jah34821-fig-0005){ref-type="fig"}C vs [5](#jah34821-fig-0005){ref-type="fig"}B and Figure [5](#jah34821-fig-0005){ref-type="fig"}D middle column vs right column). Glycogen‐containing cells, a feature of a normally developed junctional zone, were abundant in air‐exposed placentas (magenta arrows, Figure [5](#jah34821-fig-0005){ref-type="fig"}A, enlarged panel on the right). In Br~2~‐exposed vehicle‐treated mice, glycogen‐containing cells were almost completely absent (Figure [5](#jah34821-fig-0005){ref-type="fig"}B, enlarged panel on the right). In Br~2~‐exposed VEGF‐121 treated mice, glycogen containing cells were readily identifiable (magenta arrows, Figure [5](#jah34821-fig-0005){ref-type="fig"}C, enlarged panel on the right).

![Reduction of placental junctional zone induced by maternal exposure to Br~2~ is mitigated by treatment with vascular endothelial growth factor (VEGF)‐121. Pregnant (E14.5) mice were exposed to air or to Br~2~ at 600 ppm for 30 minutes and returned to room air. At 48 hours post‐exposure and every 24 hours thereafter, survivors were administered 100 μ/kg b.w. VEGF‐121 or vehicle subcutaneously. **A** through **C**, depict representative images of hematoxylin and eosin stained histological sections from air‐exposed (**A**), Br~2~‐exposed vehicle‐treated (**B**), and Br~2~‐exposed VEGF 121‐treated (**C**) pregnant mice. Increased (×4) magnification of the area within the white rectangle is depicted to the right. Blue arrows demarcate giant cells and yellow arrows point to the boundary between trophoblasts (identifiable by size and stain color) and cells of the labyrinth. Magenta arrows point to glycogen‐containing cells. **D**, Quantification of junctional zones in the groups indicated in (**A** through **C)**. There is a decrease in the area of junctional zone in Br~2~‐exposed vehicle‐treated animals (**B**,**D**; middle column. Treatment with VEGF‐121 results in significantly increased areas of junctional zone. Statistical test ANOVA; *P* values indicated on graph. VEGF indicates vascular endothelial growth factor.](JAH3-9-e013238-g005){#jah34821-fig-0005}

Discussion {#jah34821-sec-0028}
==========

Exposure to Br~2~ has the potential to cause significant injury and death in human populations. Worldwide, Br~2~ production exceeds 550 000 tons per year to meet the manufacturing needs for medicinal compounds, flame‐retardants, agricultural chemicals, gasoline additives, dyes, photographic chemicals, bleaching agents, and water disinfectants. Main producers include the United States, China, and Israel. Following production in central facilities, Br~2~ is transported to surrounding industrial sites via rail or road. Major accidents have occurred during these routine passages of Br~2.~ Chelyabinsk, Russia (pop. 1.1 million) recently experiencing an accidental release of railway Br~2~. There is a paucity of data available on Br~2~ gas toxicity, and only 1 study includes pregnant animals despite 4% of women in the United States being pregnant at any given time (US Census Bureau).

To our knowledge, we demonstrate for the first time the mechanistic role reduced VEGF signaling plays in generating the lung edema, impaired placental development, impaired fetal development, and overall maternal mortality seen in pregnant mice following exposure to the oxidant and electrophile gas Br~2~ in concentrations likely to be encountered by a victim of an accidental industrial exposure. These findings were substantiated by (1) the levels of circulating sFLT‐1, which antagonizes VEGF signaling, rose as a function of time from 48 hours post‐exposure to 120 hours post‐exposure in Br~2~‐exposed pregnant mice correlating with increasing lung wet/dry weight ratios and increases in BALF protein content. (2) sFLT‐1 levels, lung wet/dry ratios, and BALF protein levels were not different in Br~2~‐exposed non‐pregnant mice as compared with air‐exposed non‐pregnant mice. (3) Treatment with VEGF‐121 (100 μg//kg, SC, q.d.) reduced lung wet/dry weights, reduced BALF protein content, improved survival, weight gain, placental development, and fetal growth in Br~2~ exposed pregnant mice as compared with air‐exposed pregnant mice.

Previously, we have shown that exposure of pregnant mice to Br~2~ resulted in diminished placental development and reduced fetal growth, accompanied by increased plasma levels of inflammatory cytokines and sFLT‐1, elevated maternal blood pressure, and pulmonary edema: symptoms reminiscent of those seen in pregnant women with preeclampsia.[11](#jah34821-bib-0011){ref-type="ref"} Increased sFLT‐1 and inflammatory cytokine plasma levels, lung edema, and increased blood pressure were absent from non‐pregnant mice exposed to identical levels of Br~2~. The present findings mechanistically link circulating sFLT‐1 and inhibition of VEGF signaling with the pregnancy‐specific effects of Br~2~ exposure.

We reason that the increase in sFLT‐1 beginning at 48 hours post‐Br~2~ exposure and continuing to rise until euthanasia of the animal at 96 hours accounts for the pregnancy‐specific phenotype of increased lung wet/dry weights, increased BALF protein, high mortality, and fetal growth restriction. sFLT‐1 is considered to play a role in the development of preeclampsia in pregnant women. It is produced by the placenta and due to its anti‐angiogenic effects sFLT‐1 overexpression is increasingly viewed as a key component of the systemic endothelial dysfunction observed in preeclampsia.[4](#jah34821-bib-0004){ref-type="ref"}, [19](#jah34821-bib-0019){ref-type="ref"} Released into maternal circulation, sFLT‐1 acts as a decoy receptor for VEGF, thus reducing VEGF signaling and downstream effects such as angiogenesis and vasodilation. In animal models, overexpression of exogenous sFLT‐1 in pregnant mice by adenoviral vectors resulted in endothelial dysfunction and increased blood pressure. This constellation is similar to what is observed in the reduced uterine perfusion pressure model of preeclampsia in mice and rats, a model whose preeclampsia phenotype is also accompanied by elevated sFLT‐1 levels.[20](#jah34821-bib-0020){ref-type="ref"}, [21](#jah34821-bib-0021){ref-type="ref"} In the aforementioned animal models, administration of VEGF alleviated hypertension and endothelial dysfunction.[14](#jah34821-bib-0014){ref-type="ref"} Intriguingly, the 3‐hydroxy‐3‐methyl‐glutaryl‐coenzyme A (HMG CoA) reductase inhibitor pravastatin is currently in human clinical trials to treat preeclampsia (NCT01717586). One pleiotropic effect of pravastatin is a reduction in sFLT‐1 levels and an increase in VEGF levels.[22](#jah34821-bib-0022){ref-type="ref"}, [23](#jah34821-bib-0023){ref-type="ref"}

Maternal exposure to Br~2~ may lead to placental sFLT‐1 overexpression in pregnant mice because of acutely reduced placental blood flow and/or impairment in tissue oxygenation (tissue hypoxia insult) triggering sFLT‐1 overexpression that then potentiates this phenotype after the acute Br~2~ exposure. Br~2~ exposure results in a sustained respiratory acidosis in pregnant mice consistent with conditions that may impair placental perfusion.[24](#jah34821-bib-0024){ref-type="ref"} This hypothesis is supported by the improvement in fetal growth observed with VEGF‐121 treatment. Exogenous VEGF administration may rescue fetal growth restriction by 2 complementary mechanisms; (1) increased endothelial nitric oxide synthase (eNOS) activity leading to vasodilation and improved placental blood flow and (2) improved maternal pulmonary endothelial function resulting in better maternal and consequently better fetal oxygenation. Furthermore, in previous studies we have demonstrated that halogen gasses (chlorine or bromine) interact with lung plasmalogens leading to formation of halogenated aldehyde which are either reduced to alcohol or oxidized to halogenated fatty acids detectable in the plasma even at 24 hours post‐exposure.[25](#jah34821-bib-0025){ref-type="ref"}, [26](#jah34821-bib-0026){ref-type="ref"} These brominated aldehydes contribute to cardiac injury in rats exposed to Br~2.~ [24](#jah34821-bib-0024){ref-type="ref"} It is possible that systemically circulating brominated aldehydes are similarly causing placental derangements in pregnant mice.

Our findings indicating increased pulmonary endothelial dysfunction are particularly interesting in light of the well‐established role VEGF signaling plays in increasing endothelial permeability via stimulation of vascular endothelial (VE)‐cadherin endocytosis.[27](#jah34821-bib-0027){ref-type="ref"} With increases in sFLT‐1 a sequestration of VEGF is anticipated and one might expect to observe decreased endothelial permeability. In both preeclampsia and high‐altitude pulmonary edema increased permeability is observed despite increased plasma ratios of sFLT‐1/VEGF.[28](#jah34821-bib-0028){ref-type="ref"}, [29](#jah34821-bib-0029){ref-type="ref"} An important distinction is that in human preeclampsia the concentration of serum VEGF remained low or in some cases (between 37 and 41 weeks gestation) was lower in women with preeclampsia than in healthy pregnancies. Conversely, in subjects with high‐altitude pulmonary edema the plasma VEGF level was increased compared with control subjects without high‐altitude pulmonary edema while sFLT‐1 levels were increased to a much greater extent, thus establishing the noted increase in sFLT‐1/VEGF ratio. It should be noted that this recent work runs counter to previous research published 13 years prior where lower sFLT‐1 was noted in subjects who developed high‐altitude pulmonary edema under different experimental conditions and with different sampling time points.[30](#jah34821-bib-0030){ref-type="ref"} The commonality between these 2 entities and our Br~2~ exposure model may be hypoxia and further work to understand the mechanism linking sFLT‐1 overexpression and pulmonary edema is needed.

The timing of injury observed differs between pregnant and non‐pregnant mice. Both groups demonstrate evidence of acute injury after initial exposure. In pregnant mice, however, surviving mice demonstrate progressive worsening of lung wet:dry ratios overtime until euthanasia or death not seen in non‐pregnant mice (Figure [1](#jah34821-fig-0001){ref-type="fig"}C). This progressive worsening is accompanied by the increased serum sFLT‐1 levels noted in Figure [1](#jah34821-fig-0001){ref-type="fig"}A providing evidence correlating the pregnant state with increased susceptibility to ongoing and progressing lung injury.

Treatment with VEGF‐121 requires caution as high levels of VEGF have been shown to result in abnormal endothelial proliferation and decreased endothelial barrier function.[31](#jah34821-bib-0031){ref-type="ref"} At the dose administered, we did not observe any adverse effects of VEGF‐121 on either pregnant or non‐pregnant animals. Notably, a recent study found that treatment of cultured endothelial cells with VEGF reduced endothelial barrier function, unless the cells were first pre‐treated with PlGF. PlGF is not exclusively expressed during pregnancy, however, as its name implies PlGF is avidly produced by the placenta resulting in a gradual increase in plasma levels until the 32nd week of pregnancy.[32](#jah34821-bib-0032){ref-type="ref"} The abundance of PlGF in pregnancy may explain the selectively beneficial effect of exogenous VEGF administration during pregnancy.

We chose to administer the VEGF variant VEGF‐121 because it is the most abundant VEGF isoform and was previously shown to lower blood pressure in animal models of placental ischemia‐induced hypertension.[13](#jah34821-bib-0013){ref-type="ref"}, [14](#jah34821-bib-0014){ref-type="ref"} Our findings indicate that administration of VEGF‐121 does reduce pregnancy‐specific effects of Br~2~ exposure. The protective effects may be attributable to a variety of mechanisms. First, VEGF binding to endothelial cell receptors is known to trigger a vasodilatory response via the Protein kinase B/ endothelial nitric oxide synthase signal pathway.[33](#jah34821-bib-0033){ref-type="ref"} Such a mechanism may alleviate the systemic endothelial dysfunction that we documented in Br~2~‐exposed pregnant mice in our previous publication. VEGF has also been shown to protect alveolar epithelium and has a role in the repair of the airway epithelium following lung injury.[34](#jah34821-bib-0034){ref-type="ref"} Normally VEGF is highly compartmentalized in the alveolus with up to 500x the levels seen in plasma.[35](#jah34821-bib-0035){ref-type="ref"} The increased BALF protein is indicative of alveolar endothelial disruption and increased permeability consistent with the endothelial dysfunction observed in human preeclampsia and linked to sFLT‐1 overexpression. In addition to serving as a marker for increased endothelial and epithelial permeability the increased protein content within the lung may contribute to surfactant inactivation, further exacerbating pulmonary dysfunction.[36](#jah34821-bib-0036){ref-type="ref"}, [37](#jah34821-bib-0037){ref-type="ref"}, [38](#jah34821-bib-0038){ref-type="ref"} Lastly, sFLT‐1 binds to placental growth factor (PlGF) in addition to VEGF. PlGF, like VEGF, is primarily associated with angiogenesis, however PlGF plays a greater role in placental trophoblast cells responsible for invasion of maternal arteries and proper placental development.[39](#jah34821-bib-0039){ref-type="ref"} VEGF‐121 binding to sFLT‐1 could potentially allow for increased PlGF/full‐length receptor binding and subsequent placental development.

Conclusions {#jah34821-sec-0029}
===========

Diminished VEGF signaling in pregnant C57BL/6 mice exposed to Br~2~ at E14.5 plays a role in halogen‐inhalation induced pregnancy‐specific outcomes including increased lung wet/dry weights, BALF protein content, fetal growth restriction, and maternal mortality. Unlike similarly exposed non‐pregnant mice, pregnant mice show increased circulating sFLT‐1 beginning 48 hours post‐exposure, along with lung edema appearing at 48 hours post‐exposure. VEGF‐121 administered 48 hours post‐Br~2~ exposure increases survival exclusively in pregnant mice, reduces maternal lung edema and partially rescues fetal growth restriction. To our knowledge, this is the first demonstration that increased morbidity and mortality following brief exposure of pregnant mice to Br~2~ is mechanistically driven by antagonism of VEGF signaling by sFLT‐1.

 {#jah34821-sec-0030}

In summary, we show that inhalational exposure to Br~2~ causes lung edema, increased mortality, and fetal growth restriction in pregnant mice due to reduced VEGF signaling. We demonstrate that sFLT‐1 in maternal plasma, maternal blood pressures, and lung injury increase in tandem following Br~2~ gas exposures in pregnant mice. Administering the VEGF isoform VEGF‐121 restores body weights, increases survival, and reduces signs of lung injury seen in pregnant mice exposed to Br~2~.
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